The momentum coupled to a magnetized, ambient argon plasma from a high-b, laser-produced carbon plasma is examined in a collisionless, weakly coupled limit. The total electric field was measured by separately examining the induced component associated with the rapidly changing magnetic field of the high-b ðkinetic b $ 10 6 Þ, expanding plasma and the electrostatic component due to polarization of the expansion. Their temporal and spatial structures are discussed and their effect on the ambient argon plasma ðthermal b $ 10 À2 Þ is confirmed with a laser-induced fluorescence diagnostic, which directly probed the argon ion velocity distribution function. For the given experimental conditions, the electrostatic field is shown to dominate the interaction between the high-b expansion and the ambient plasma. Specifically, the expanding plasma couples energy and momentum into the ambient plasma by pulling ions inward against the flow direction. Published by AIP Publishing. https://doi
I. INTRODUCTION
Explosions of hot plasma are common occurrences in very active regions of the universe. Equally ubiquitous are the magnetic fields that can pervade these environments. Examples of astrophysical relevance are observations of outflows from young stellar objects (YSOs) moving along relatively strong magnetic fields (B 0 $ 1 mG) that exist light years from the eruptive sources ($1:6 light years in Ref. 1) . Since typical outflow speeds are 100-1000 km/s, the meanfree-paths of momentum loss to electrons within the surrounding plasma are k mfp ¼ 10 8 -10 12 km or about 1 A.U. to 1/10th of a light-year. The momentum loss to ions is even less. Anthropogenic explosions of magnetized plasma in similar environments with low collisionality have included the Active Magnetospheric Particle Tracer Explorers (AMPTE) experiments of the 1980s, 2 the High-Altitude Nuclear Explosions (HANEs) of the late 1950s and early 1960s, [3] [4] [5] and magnetized laser-produced plasma (MLPP) experiments, [6] [7] [8] [9] [10] [11] which have all exhibited intense electromagnetic phenomena. These are ideal environments in which collisionless coupling mechanisms may become the dominant form of interaction between two plasmas.
The examples given above can all be categorized as various forms of high-b expansions. The value of b is defined here as the initial ratio of the kinetic energy density of the expansion to the magnetic field energy density. During the expansion of a high-b plasma, the initial kinetic energy is exchanged for magnetic field energy, as the ambient field is rapidly expelled due to typically large electrical conductivities and a diamagnetic cavity forms. The common approach to problems involving a high-b expansion is to assume that the plasma is perfectly conducting and uniformly expanding, [12] [13] [14] [15] [16] [17] [18] which results in analytic, dipole-like electromagnetic fields without an electrostatic component. These fields are the basis upon which modifications are applied to account for different phenomena. This includes the analysis of collisionless coupling as the ambient plasma gains energy by moving through the electric fields. A proper accounting of the electric fields is paramount to understanding the problem of collisionless coupling.
A companion article to the present one, 19 hereafter referred to as Part I, offers an alternative approach to the problem of coupling to an ambient plasma by considering properties the electromagnetic fields must have in order to self-consistently conserve energy. This model, which is in essence the electromagnetic version of the well-known Rayleigh model of fluid bubble dynamics, will hereafter be referred to as the "Rayleigh model." It covers the basic phenomenology of a high-b, symmetric plasma expanding into a uniform, magnetized environment from the context of dynamic energy conservation. The Rayleigh model yields important scaling parameters that determine not just the response of the expansion to the magnetic field but suggests the response of the ambient plasma to the laminar electromagnetic fields of the high-b plasma in the limit that coupling between the expanding and ambient plasmas is weak. This experiment fully characterizes the laminar electromagnetic fields generated by a typical, high-b expansion simulated in the laboratory by an MLPP. Their effects on the ambient argon ion population are measured and compared against the predictions of the Rayleigh model.
II. BACKGROUND
To briefly summarize the model, an initially cylindrically symmetric plasma with characteristic size and velocity across the magnetic field, R 0 and V r0 , and a given b will expand until a time s D , hereafter called peak diamagnetism. At peak diamagnetism, the expansion attains a maximal radial size R B . Here, R B is referred to as the "bubble radius," which is defined as the radius at which the total kinetic energy of the expansion, E 0 , equals the volume of the expelled magnetic field energy
These variables in the weak-coupling limit are closely related as they satisfy
where t 0 R 0 =V r0 is the characteristic hydrodynamic time of the initial plasma, and the factor 1:402 is the result of gamma functions that arise from integrating over the volume of plasma. This model assumes that thermal effects, e.g., rðnTÞ contributions to the electric field, can be ignored since they decay rapidly on the time scale t $ t 0 . Their neglect requires s D ) t 0 or b on the order of 10 3 or larger. For this experiment, b $ 10 6 . The expansion comprises "debris" ions with charge Z d and mass m di , the parameter x The induced field arises because of the rapid removal of magnetic flux while the electrostatic field arises due to charge separation between the magnetized electrons and the less magnetized, massive debris ions. In a cylindrically symmetric expansion, these fields are, respectively, in the azimuthal and radial directions. The ambient ions, being subject to the same fields as the debris ions, have their own characteristic parameter x a ci s D that determines whether they are directly accelerated by the electric fields or drift across them. Whenever a distinction is necessary between properties possessed by both the "debris" and "ambient" ions, a superscript or subscript "d" or "a" will be used differentiate them. Depending on the combination of the parameters ðx d ci s D ; x a ci s D Þ, the ambient ions may respond to these electric fields by being accelerated radially or azimuthally.
The final parameter the model in Part I provides is the coupling parameter a x a ci
where R q is defined by
and N di and n ai are the total number of debris ions and the ambient ion density, respectively. The quantity R q is frequently called the equal charge radius. Note that
0 . The coupling parameter a characterizes the ratio of the energy transferred to the ambient plasma via the electric fields to the maximum energy expended in creating the diamagnetic cavity. For the ambient plasma to have significant feedback on the high-b expansion, a ) 1, which is an extremely difficult parameter to reach; most MLPP experiments have a < 1. Additionally, most MLPP experiments have x d ci s D on the order of 1 or smaller suggesting what energy is coupled to the ambient plasma is done so via the electrostatic field.
III. EXPERIMENTAL SET-UP
The experiments are conducted in the upgraded Large Plasma Device (LAPD) at UCLA. 20 The LAPD is a 24.4-m long cylindrical vacuum vessel of 1-m diameter with magnets that provide a uniform magnetic field (50-1800 G). The ambient plasma is provided by electrically isolated, pulsed thermionic emitters (Ø 60 cm BaO or Ø 10 cm LaB 6 ) at either end of the chamber. The relative geometry of the machine is shown in Fig. 1 . At a repetition rate of 1 Hz, the cathodes are biased relative to semi-transparent mesh anodes to send primary electrons down the field and ionize the neutral gas-hereafter only singly ionized argon, Z a ¼ 1, will be considered for the ambient plasma. The discharge creates a quiescent plasma with net-zero current that typically lasts 10-20 ms at steady conditions. The plasma density from discharge to discharge varies by approximately 5%. A typical pulse from the BaO cathode provides temperatures and densities in the ranges T e ¼ 5-10 eV, n e ¼ 1-2 Â 10 12 cm
À3
, while the simultaneous discharge of the LaB 6 emitter provides T e ¼ 10-15 eV, n e ¼ 4 Â 10 12 cm À3 in a more concentrated core.
The laser-produced plasma was generated by focusing a 1 J Nd:YAG laser pulse onto a cylindrical carbon target (Ø 2 cm). Typical spot sizes were determined to be approximately R 0 ¼ 250 lm. Using established scaling laws 21, 22 and previous experiments with the same laser and target set-up, 23 a typical pulse with intensity I L $ 6:3 Â 10 10 W/cm 2 produced a seed plasma with T e0 $ 50 eV and N di $ 2 Â 10 15 . Assuming initially a Saha distribution of ionization states with the above parameters in a spherical volume of radius R 0 , the average ionization state was Z h i ¼ 4:6 with almost all ions having charge state 4 or 5. The inventory of internal energy amounts to about 264 mJ. The thermal energy of this seed plasma is essentially unconfined after the laser pulse shuts off and is converted into kinetic energy upon expansion. Partitioning this energy into components along and across the magnetic field, the maximum b in a 750 G field is 1:2 Â 10 6 , which is more than sufficient for the high-b expansion model. Additionally, with expansion velocities of the order 1 Â 10 7 cm/s-consistent with these laser parameters and similar experiments debris ions in the expanding plasma moving through the ambient plasma is $1 km.
It is important to provide a basic picture of the evolution of the expansion for reference. Applying a simple spherical expansion model 24 and accounting for three-body recombination, 25 the LPP parameters ðT e ; n e ; Z h iÞ can be estimated over time. On a time scale comparable to the hydrodynamic time, t 0 , the density and temperature change as T e $ t À1 and n e $ t À3 . These were confirmed for the unmagnetized case as early as 1974 (Ref. 25 ) and more recently even for a magnetized case. 26 For reasons that will soon be clear, a critical point in time in this experiment is t ¼ 240 ns. At this time, the model predicts that the MLPP parameters should decay to values in the range of ðT e ; n e ; hZiÞðt ¼ 240 nsÞ $ ð0:5 eV, 8 Â 10 13 cm
, 2). It is of interest to note that although the expanding plasma is still more dense than the background plasma at t ¼ 240 ns, it is considerably colder so that the thermal pressures of the ambient plasma and expanding plasma are of the same order of magnitude. The values of the quantities n e and T e initially and at t ¼ 240 ns can have very large error bars-as high as 50% for T e and N di -and vary from shot to shot. Since no independent measure of these quantities is available, they are only to be taken as scale values. Combining the temperature and densities of the MLPP with the conditions of the ambient plasma allows the calculation of some of the parameters of the MLPP. Specifically, the equal charge radius is R q % 6:2 cm and the ratio x Table I .
The presence of the solid target produces an asymmetry between the normal and lateral directions. Correspondingly, there are different velocities in these directions, V n0 and V r0 . The resulting geometry is shown diagrammatically in Fig.  2 (a). Unless the target is extremely small (focal point radius comparable to laser penetration depth), V r0 < V n0 . In addition, some fraction of the speed normal to the target is due to bulk motion of the center of mass of the expansion, V m , which behaves in a physically distinct manner from an expansion velocity. The velocity across the field, V r , and a component of the velocity along the field, V n À V m , certainly have non-zero divergence while V m may merely be translational motion of the plasmoid. In most magnetized laserproduced plasma experiments, the center of mass motion is directed across the magnetic field. This destroys the symmetry provided by the magnetic field and adds a component to the electric field via V m Â B 0 that is not necessarily present in the explosion of a device or release of chemicals. Thus, the collisionless coupling in these "cross-field" expansions is fundamentally different from the AMPTE experiments in Earth's magnetotail or a HANE. This experiment was arranged such that the target normal was along the background magnetic field, V m Â B 0 % 0. All this is to say, that in the case of solid-target MLPPs, the appropriate velocity in the application of the Rayleigh model is V r0 and care must be taken if the cylindrical symmetry is intentionally broken.
IV. DIAGNOSTICS
For electromagnetic field measurements, a novel 27 emissive probe measured the floating potential, / f , which in low temperature environments is approximately equal to the plasma potential, / p % / f . The gradient of / p yields the electrostatic field, E es ¼ Àr/ p , which is calculated with a 2 mm spatial resolution.
A differentially wound, 3-axis magnetic flux probe measured @ t B. The azimuthal component of the induced electric field is calculated using Faraday's law assuming a cylindrically symmetric geometry
with the boundary condition E ind r > r Ã ð Þ¼ 0 where r Ã is the smallest radius at which @ t B z is negligible. These data are gathered in a manner similar to that in Ref. 28 , but more detail will be provided here. The geometry of the data planes relative to the expansion and ambient magnetic field is shown in Fig. 2 
(b).
Time-resolved optical imaging with an ICCD ðDt ! 3 nsÞ provides qualitative details of the expansion. Filtered images k ¼ 460610 nm ð Þof the expansion in the yz-plane provide time of flight calibration of the expansion speeds with excellent spatial resolution dy $ dz < 0:19 mm.
A well-known, 3-level laser-induced fluorescence (LIF) scheme 29 is used to directly characterize the collisionless coupling to the ambient plasma. It provides an absolute measurement of the velocity of argon ions in the direction of the laser beam. This is achieved by selectively exciting argon ions via Doppler-shifted resonance. Pulsed laser sources that are tunable allow the construction of a distribution function from the re-emitted light. The excitation in this case is of the 611.492 nm resonance of the 3d 9/2 G metastable ion with majority fluorescence through the 460.957 nm transition. A narrowband filter ð46160:5 nmÞ was utilized to block as much scattered and contaminant light as possible. The laser light for the excitation is formed into a planar sheet of light and directed into the target region along the Àx-direction, near z ¼ 2 cm from the target surface as shown in Fig. 2(c) . The direction of the incident laser beam means the 
Dimensionless parameter Value
x pe t 0 (plasma freq.) The spatial averaging of the signal was used to reduce the noise. The final spatial resolution of the LIF images was dx Â dy ¼ ð1:9 mm Â 1:9 mmÞ or approximately the same resolution as the field probes. Integration times of the LIF were set at Dt ¼ 30 ns to optimize the signal from the fluorescence which has a lifetime of s LIF $ 12 ns without significantly increasing the noise level. The 3-level LIF scheme requires a sufficient population of metastable ions. It was determined 29 that fast electrons (>32 eV) were the dominant source of metastables in DC plasma discharges. Practical operational considerations of the BaO discharge prevent use of voltages that provide primary electrons of the optimal energy. 30 This was another reason for the presence of the LaB 6 discharge, which has fewer operational constraints.
By tuning the dye laser over various wavelengths, the distribution function, f ðv x Þ, of argon ions was retrieved and the average velocity was calculated. The dye laser provides a maximum wavelength resolution of about 1:5 pm corresponding to an argon ion velocity of 2:5 Â 10 4 cm/s. To provide maximal signal, the laser pulses were high power ($1:4 kW/cm 2 ) which artificially broadened the spectral line. In the non-relativistic limit, this essentially amounts to a convolution of the distribution function with a Lorentzian transfer function. 31 The velocity, v x , for the geometry used here was obtained by averaging the velocity over the broadened distribution. Since hv x i is a cumulant and the transfer function is symmetric, the resulting hv x i is the actual average velocity of the underlying f ðv x Þ.
V. RESULTS
The most common method of determining the MLPP expansion characteristics is by a time of flight measurement. It is also common that these measurements focus on the expansion speed in the direction of the normal of the target and are related to some loosely defined "leading edge." The solid target expansion geometry of Fig. 2(a) necessitates differentiation of the speeds with respect to their directions relative to the magnetic field. Furthermore, the various effects of the interaction with the magnetic field (e.g., deceleration of the expansion, compression of the plasma, resistive heating, etc.) alter the interpretation of these measurements.
Initially, a series of images spaced in time were taken to observe qualitatively the MLPP evolution in a reduced magnetic field (400 G). The images were taken at 60 ns intervals with integration times of 40 ns through a 460 nm (10 nm HWHM) interference filter. The choice in integration time and filter was merely to reduce scatter and aberrations while maintaining a relatively consistent image intensity over at least 1 ls of MLPP evolution. The radial boundary of the expansion appeared to stagnate near t % 300-360 ns, giving an estimate for the characteristic time for the magnetic interaction. To get a proper scaling of the velocity, one must choose a time sufficiently longer than the hydrodynamic time to allow thermal to kinetic energy conversion but short enough that the magnetic field does not severely affect the evolution. According to the Rayleigh model, any time t < 120 ns would be sufficient to accurately determine the velocities. However, the 40 ns image exposure time makes later times subject to increasingly broadened boundaries from electron diffusion and growth of the MLPP. Earlier times provide much clearer and less ambiguous boundaries.
The earliest image from the time series representing t ¼ 60 ns is shown in Fig. 3(a) and is an average of 120 shots. Because the integration starts close to the laser pulse and the filter passes several emission lines of argon, the image contains scatter and emission from photo-excited argon ions in the immediate vicinity of the expansion. Identical time series were taken with background gases of helium and neon which confirmed that the elliptical region by the target, which is partially saturated, is independent of the background gas and a result of continuous or line emission from the LPP debris. Its geometric center was taken to be representative of, though strictly not equivalent to, the center of mass motion. This "center of light" velocity, V c , is about 8:3 Â 10 6 63 Â 10 6 cm/s. Profiles of the light across and along the magnetic field through this central point are shown in Figs. 3(b) and 3(c) . The edge of the expansion was defined as the furthest points at which the light intensity statistically rises above the light from photo-excited argon and is identified as the "LPP" portion of the image. From this, the normal and radial velocities of the unmagnetized expansion were determined to be V n0 ¼ 2:1 Â 10 7 61 Â 10 6 cm/s and V r0 ¼ 1:3 Â 10 7 65 Â 10 6 cm/s. As one would expect from an elliptical expansion, V c % V n0 À V r0 . The value of V r0 yields a relevant hydrodynamic time for the expansion of t 0 ¼ R 0 =V r0 ¼ 2:060:2 ns. Given the observation of Figure 3 (a) is therefore sufficiently far from both t 0 and s D to be representative of the cold, unmagnetized expansion.
A. Magnetic field
The evolution of the diamagnetic cavity through the plane at z ¼ 2 cm is shown in Fig. 4 . The spatial resolution of the data is 0:2 cm in both the x and y directions with the value being the average of 10 shots digitized at 1:25 GHz. The bulk LPP took just under 100 ns to reach the plane, but by 80 ns, there was already a DB z of about 50 G. This can be explained by the electrostatic pulse that precedes the bulk LPP as discussed in Ref. 28 and detailed here later. The cavity for t ¼ 160-240 ns is more like the standard picture of a diamagnetic cavity with a large expulsion surrounded by a minor (20%) compression of the magnetic field. It also exhibits good cylindrical symmetry needed to calculate E ind from Faraday's law. After t ¼ 240 ns, the radial dimension ceases to grow and the expansion develops a slight up-down asymmetry as the compression and cavity diminish. The presence of a finite V m in the z direction means, however, that such a view mixes the behavior of a growing cavity and its convection along the background magnetic field. This necessitates a measurement in an x À z plane. Figure 5 shows the diamagnetic cavity through an x À z plane at y ¼ 0 cm. The data are otherwise collected in an identical manner to the x À y plane of Fig. 4 . The compression of the diamagnetic cavity exhibits a finite size in z and reaches a maximum value of 17%. The structure is similar to the cosine variation of the compression in the superconducting dipole model, 15 and similarly, an equator at a position z eq ðtÞ can be identified across which the cavity maintains some degree of symmetry B½z eq ðtÞ À z % B½z À z eq t ð Þ. After t ¼ 240 ns, the cavity loses its symmetry across the equator as diffusion of the magnetic field begins to dominate over the radially stagnating convective removal of the magnetic field.
Defining the edge of the equator as the points ½R t ð Þ; Z t ð Þ where @ r B z ðR; ZÞ % 0 and @ z B z R; Z ð Þ % 0, the radial growth of the cavity is calculated from @ t R as well as the convective motion of the diamagnetic cavity, V dia @ t Z. The latter is expected to be non-zero because of the presence of a finite V m . The convection of the cavity along the background magnetic field yields V dia ¼ 9:0 Â 10 6 64 Â 10 5 cm/s, which is marginally faster than the value determined in Fig. 3 . The function RðtÞ is shown in Fig. 6 . The radius of peak diamagnetism from this curve was R B ¼ 2:160:1 cm while the time for peak diamagnetism was The dashed line in Fig. 6 shows the evolution of the cavity radius if the expansion were "free" or if the J Â B term could be neglected. The dashed-dotted line in Fig. 6 
B. Induced electric field
The convective motion and expansion of the diamagnetic cavity give rise to the inductive electric field through Faraday's law. Given the approximate cylindrical symmetry of the expansion and magnetic field in Fig. 4 , E ind can be Ideally, E ind is anti-parallel to the current wherever they simultaneously exist. This is necessary for a physical picture where energy is being continuously converted from particle energy into field energy. From the magnetic field geometry shown in Fig. 5 , any contribution to E ind within the cavity should be negative in the azimuthal direction and switch signs within the magnetic field compression. Such a geometry is clearly shown in Fig. 7(a) . After peak diamagnetism, the magnetic field begins to relax due to convective collapse or diffusion. This would be represented by a reversal in the sign of E ind and therefore, J Á E. Since the cavity is moving in z, points behind the equator, z < ZðtÞ, would already appear to be in this "collapse" phase as the cavity is not growing in strength but rather leaving the vicinity of the target. This feature is clear in Fig. 7(b) . Profiles of E ind at t ¼ 160 ns are included in Figs. 7(c) and 7(d) , which show more clearly the variations in r and z, respectively, during the growth phase of the diamagnetic cavity. A cut through the equator is shown in Fig. 7(d) , while Fig. 7(c) shows the variation in z and includes the point with the largest magnitude of E ind .
From the motion of the equator and knowledge of the magnetic field, E ind can be estimated from V Â B % V r B z . Taking V r to be the derivative of RðtÞ, the maximum contribution of this term to E ind is 108 V/cm. Note that neglect of pressure gradient contributions to E ind is provided by previously made estimations 28 where Trn $ 4 V/cm. Accounting for the deceleration of the expansion according to the Rayleigh model at t ¼ 160 ns ¼ 2s D =3, this decreases to 62% of the peak value or 67 V/cm. Of course, @ t RðtÞ is only to be taken as a scale value of the plasma velocity and corresponds to the case of a cold, thin shell of plasma located at r ¼ RðtÞ. The actual velocity profile of a magnetized LPP is likely more complicated and has yet to be measured in comparison with this value. The largest measured value of E ind at t ¼ 160 ns was 30 V/cm. As indicated by Fig. 7(c) , it reached this value not at the equator as would be expected in a fully symmetric expansion, but at a location 1.2 cm ahead of the equator z > ZðtÞ. This is also a feature due to the presence of the solid target. Since there is a finite V m and the diamagnetic cavity has a radial component to the magnetic field required to maintain r Á B ¼ 0, there is an additional source term for the azimuthal component of E ind . This source term is anti-symmetric in z and shifts the maximum value of E ind toward the front of the expansion. To more intuitively understand this feature, the front of the expansion has to remove or push magnetic flux out of the way faster than in the ideal, fully symmetric case. Figure 8 shows the electrostatic field in xy-plane corresponding to the magnetic field measurements of Fig. 4 , while Fig. 9 shows the field in the same xz-plane as the magnetic field in Fig. 5 . The physical origins of the three main components of the electrostatic structure were described in a prior publication. 28 Figures 8 and 9 extend that work to show more detail in the time evolution of the field up to a point just after peak diamagnetism. For reference, the basic phenomenology of the structure is summarized here and the data will only very briefly be described.
C. Electrostatic field
Within the diamagnetic cavity is the electrostatic field corresponding to the J Â B force on the ions, which opposes the ion expansion, drives the electron Hall current, and ultimately transfers the expansion energy to the magnetic field. This is the primary field discussed in the Rayleigh model of the diamagnetic cavity and will be denoted hereafter as E cav . To emphasize its relationship to the J Â B force and the magnetic structure, RðtÞ, which was determined by the radius at which J Â B ¼ 0 at the equator, is indicated in Figs.  9(b)-9(d) . At t ¼ s D , E cav reached a strength of about 180 V/cm, or approximately 6 times the peak strength of E ind in the system. The Rayleigh model, which requires t s D , predicts that for the present value of x d ci s D % 0:3, E cav should be about 7 times the strength of E ind . After peak diamagnetism, E cav maintains its strength and even continues to grow slightly larger [see Figs. 8(e), 8(f), 9(e), and 9(f)]. It also loses its symmetry as it develops an oblong shape in the xyplane that is either due to the presence and shape of the target or by the shape of the initial seed plasma. By t ¼ 600 ns ¼ 2:5s D , both the diamagnetic cavity and E cav have fallen to their respective noise levels. The other two contributions to the electrostatic field structure modify but are not dominated by the dynamics of the diamagnetic cavity and are not captured by the Rayleigh model.
Ahead of the diamagnetic cavity and aligned with and highly collimated (FWHM <1 cm) across the ambient magnetic field, an electrostatic structure, hereafter called the electrostatic pulse, appears. This structure is associated with the ejection of fast electrons from the LPP with speeds greater than 10 8 cm/s, or about 10 times the LPP expansion speed. It leaves behind an intense electrostatic field (100-200 V/cm) aligned mostly across the background magnetic field that persists until the diamagnetic cavity and bulk LPP reach the probe. This field lasts for a sufficiently long time to establish E Â B motion in the electrons ahead of the debris ions, which provides a source current for the 50 G diamagnetic signal described earlier. The current and small diamagnetic signal appear ahead of the main diamagnetic cavity, along the ambient magnetic field. The driving electrostatic structure appears in Fig. 8(a) and at the largest z-positions in Figs. 9(a)-9(d) .
The electrons that escape along the field with the electrostatic pulse polarize the expansion and leave the bulk LPP, and by association the diamagnetic cavity, with a positive charge. This results in the outward electrostatic field that surrounds the diamagnetic cavity in Figs. 8(b)-8(d) and Figs. 9(b)-9(d). This field briefly reaches a peak strength of almost 50 V/cm just prior to peak diamagnetism (near t $ 200 ns) and quickly decays for t > s D . The reversal in the electrostatic field corresponds to a reversal in the Hall current and consequently J Â B, which is, in essence, the edge of the diamagnetic cavity. Therefore, the component of the electric field directed radially outward shall be referred to as E comp . This implies that the magnetic compression across the field is intimately tied to charge neutralization along the magnetic field and that it is inappropriate to consider the boundaries of the diamagnetic cavity along and across the ambient magnetic field separately or as physically distinct.
D. Collisionless momentum transfer
With the measured contributions to the total electric field, summarized in Table II , some of their qualitative and quantitative effects on collisionless momentum transfer can be inferred. It is clear from the given magnitudes that the electrostatic field will dominate the coupling over not just the growth phase of the diamagnetic cavity but over its entire lifetime. The geometry of the electrostatic field also suggests that if collisional coupling is indeed negligible, the high-b expansion will couple momentum and energy to the ambient plasma by pulling ambient ions in against the expansion direction and "motion" of the magnetic field lines. Up to peak diamagnetism, a scale velocity for momentum coupled to an ambient ion can be approximated by applying the Rayleigh model which gives a very simplified picture of the variations of the electromagnetic fields. Using the idealized velocity profile V r $ r=RðtÞ, uniform density for the expanding LPP ions and the experimental electric field strengths, one arrives at a velocity vector for a singly ionized argon ion of DV a $ ðÀ2:5e r þ 0:8e h Þ Â 10 5 cm=s or $ðe r =50 þ e h =150Þ Â V r0 cm=s. To get this result, the electromagnetic fields within the diamagnetic cavity were solved for using momentum conservation in a single-fluid picture while neglecting thermal pressures, resistivity, and sources of viscosity. Such strong assumptions yield a linear magnetic field profile, which is instructive but misses important experimental features in the electric fields. For instance, the E ind reverses sign both spatially and temporally at the cavity boundary and upon collapse of the cavity, respectively. The electrostatic field has a reversal at the boundary of the cavity which only lasts until peak diamagnetism. These additional features in the induced and electrostatic fields each work against the primary fields given by the Rayleigh model. The value of DV a given above is merely a characteristic of the maximum velocity an ambient ion could attain under the most idealized conditions. The LIF measurement is set up to sample the velocity of the ambient argon ions in the x-direction in the xy-plane, DV a ðx; yÞ. Projecting the cylindrical geometry of the resulting velocities onto the x-axis, a radial force such as the electrostatic field would yield an asymmetric velocity profile across x ¼ 0. Similarly, the azimuthal force from E ind would manifest itself as an asymmetric image across y ¼ 0.
The LIF measurements are shown in Fig. 10 at three different times. The images of Figs. 10(a), 10(c), and 10(e) show the velocity profile DV a ðx; yÞ Á e x as deduced from the velocity averages of the distribution function while Figs. 10(b), 10(d), and 10(f) show the background emission caused by the LPP that passes through the 461 nm filter. Sample distribution functions used to calculate these average velocities are shown in Fig. 10(g) . The background emission at different times is shown alongside the corresponding velocity profile to show the good spatial correlation between the features of the velocity profiles and the LPP expansion. The times shown correspond to just prior to peak diamagnetism, t ¼ 200 ns ¼ 0:83s D , just after peak diamagnetism and the onset of collapse, t ¼ 300 ns ¼ 1:25s D , and after full collapse of the diamagnetic cavity, t ¼ 800 ns ¼ 3:3s D .
At all three times, the velocity profile exhibits the asymmetry of a radial force. For the two times near peak diamagnetism, the velocity profile has the appearance of a weak, outward radial force that exists exterior to the MLPP and an inwardly directed force in the interior of the MLPP. This is consistent with the geometry of the electrostatic fields that are shown in Fig. 8 . At t ¼ 800 ns, the profile is completely dominated by the inward radial force. To show clearly the magnitudes of the resulting changes in velocity, cuts through the velocity profiles along the line y ¼ 0 cm at the three times are shown in Fig. 10(h) . The maximum velocity of the inwardly moving argon ions is approximate 3-4 Â 10 5 cm/s for the two times near peak diamagnetism and increasing to 6-7 Â 10 5 cm/s at t ¼ 800 ns. The velocity profile at t ¼ 200 ns exhibits the greatest asymmetric profile across the line y ¼ 0 as one would expect considering the dynamics of E ind . However, its effect on the velocity is only comparable to the outward radial force, E comp $ E ind , and disappears completely after peak diamagnetism. The radially outward flow produced by E comp and seen outside of the MLPP intensifies between t ¼ 200 ns and t ¼ 300 ns. By t ¼ 300 ns, however, the magnetic compression is rapidly decaying and the electrostatic field associated with it has disappeared. In contrast, E cav persists and grows in radial extent. Thus, the velocity imparted to the ions from E comp is fully reversed by E cav . E cav ultimately FIG. 9. Spatial and temporal evolution of the electrostatic field in an xz-plane located at y ¼ 0 cm. Radial positions of the expanding cavity edge, or peak compression, are shown for t 240 ns. produces the velocity profile at t ¼ 800 ns, which clearly exhibits the expected asymmetry across y ¼ 0 for a radial force.
E. Magnetic field scaling effects
Now that the electrostatic component of the electric field has been shown to dominate the coupling between the MLPP and the ambient plasmas for the present case, the obvious question is how this field changes with the system parameters.
Within the Rayleigh model of the expansion and under the assumption of weak-coupling, the strength of the electric fields is determined mostly by the parameters of the expanding plasma and the background magnetic field. Unfortunately, due to the weak dependence of the expansion parameters on the source laser parameters and reactivity issues between other materials and the BaO plasma source, the only parameter that can be reliably altered is the ambient magnetic field.
The variation of E cav , E comp , and E pulse as a function of the background magnetic field is shown in Fig. 11 . The data in Fig. 11 were collected along a line in x with y; z ð Þ ¼ ð0; 2 cmÞ. The z position corresponds to the approximate z-location of the equator of the diamagnetic cavity at t ¼ s D for B 0 ¼ 750 G to ensure a consistent comparison with a baseline case.
The two components associated with the bulk MLPP debris, E comp and E cav , were separated based on the inferred edge of the diamagnetic cavity where @ x / ¼ 0. Their peak values along the radial cuts are shown in Figs. 11(a) and 11(b) at the same time t ¼ 240 ns and also at the scaled time of peak diamagnetism, s D B ð Þ ¼ 240 750=B ð Þ 2=3 ns, respectively, to show the field at the same time relative to the cavity evolution. E cav exhibited a linear dependence on the background magnetic field at both the same absolute time and the scaled time. Since E ind is proportional to the magnetic field, it will also decrease with the background magnetic field unless the relative compression strongly increases with background field. Magnetic field data were taken along a line at y; z ð Þ ¼ ð0; 2 cmÞ with B 0 ¼ 200 G but showed approximately a 20% field compression. E comp exhibited essentially no dependence on the background magnetic field at the same absolute time while obtaining an apparent linear dependence in the scaled time. For B 375 G, E comp was just as strong as E cav . Note, however, that the values at the two lowest B contributed the most to the apparent linear dependence on B.
The electrostatic pulse is well separated from E cav and E comp in time. It appeared consistently within t ¼ 50-60 ns after the laser firing, growing slowly in strength until about t ¼ 120 ns when the bulk LPP debris reached the probe giving way to the cavity. The peak field remained mostly independent of B. Interestingly enough, the potential drop of the pulse is also shown and is also mostly independent of B, suggesting further that its scale size does not significantly change. Though the strongest absolute field strength can be attributed to that of the electrostatic pulse, its short lifetime and confinement across B mean that its effect on the ambient plasma is heavily constrained by the relatively small volume of ambient plasma that experiences both the pulse and E cav .
VI. CONCLUSION
In conclusion, we have examined the spatial and temporal dynamics of the total electromagnetic field of a high-b expansion, which moved through a uniform, magnetized argon plasma. Specifically, we have identified and distinguished contributions to the electric field by their different origins, spatial locations, and effect on collisionless coupling. They are summarized in Table II . The strongest contribution and thus the most important to the collisionless coupling was the electrostatic field inside the diamagnetic cavity, E cav , in contrast to E ind from the changing magnetic flux. The Rayleigh model described in Part I to be in qualitative agreement with this observation. In particular for x d ci s D < 1, the electrostatic field plays a more significant role in coupling than E ind . The linear scaling of the cavity electrostatic field with magnetic field strength and independence of the compressional electrostatic field even suggests the stronger conclusion that the electrostatic field is never a weak component. For the baseline case of B 0 ¼ 750 G, the LIF diagnostic directly measured the response of the ambient argon ions to the total electric fields. The argon ions responded most strongly to the electrostatic field which pulled them inward against the expansion direction. The variation in the electrostatic field structure with the magnetic FIG. 11 . Scaling of the three features in the electrostatic field with background magnetic field. (a) and (b) show, respectively, E cav , corresponding to the diamagnetic cavity, and E comp , corresponding to the magnetic compression, at the same absolute time for all B and the same scaled time for all B. The scaling of the electrostatic pulse peak potential and electric field, E pulse , are shown in (c).
field implies that the electrostatic field is paramount in the consideration of how the expansion couples energy and momentum into the ambient plasma.
